The optical properties of the very thin layer semiconductor structure CdTeIZnSe are investigated using temperature dependent photoluminescence and spectrally resolved three-pulse two-colour femtosecond photon echo measurements. The temperature dependence of the photoluminescence, the wavelength dependence of the dephasing of excited carriers, and the homogeneous broadening of the energy levels shown the luminescence of quantum dots in this samples.
INTRODUCTION
Recently there has been increasing interest in the growth and optical properties of high latticemismatched semiconductor systems owing to their ability to spontaneously form self-assembled quantum dots (QD) [1, 2] . The growth of a 11-VI quantum structure, especially QDs, is more complicated than that of a 111-V system The lattice mismatch between CdTe and ZnSe is as large as 14.4%, which leads to a complicate of dot formation mechanism, and sample structures that give rise to some interesting optical properties. Studies of the optical properties of quantum structures, such as the line width of emission by measurements of microluminescence In this paper we report studies of the optical properties of very thin layers of CdTe grown on ZnSe by molecular beam epitaxy. Using photoluminescence (PL) and spectrally resolved three-pulse two-colour femtosecond photon echo (PE) measurements we investigate the origin of the emitted spectrum and the dephasing properties of our samples. We demonstrate the existence of QDs in such structures.
EXPERIMENTS, RESULTS AND DISCUSSION
The CdTeiZnSe samples were grown by the altemate supply method. A 600 nm ZnSe buffer layer was grown on GaAs substrates at 25OOC. After growth of a Zn-terminated ZnSe buffer layer, Te and Cd beams were alternately applied (Te beam first) at intervals. The supply cycles of the Te and Cd beams were 1.5 cycles (sample SI), 3.5 cycles (S2) and 4.5 cycles (S3). All samples were terminated by a thin (50 mn) ZnSe capping layer for the optical measurements.
For time integrated photoluminescence the sample was mounted in a closed-cycle helium cryostat with variable temperature ranging from 10-300 K and excited directly by the 488 nm line from an Ar+ laser. In the femtosecond photon echo experiments two pump pulses (IOOfs, I-l0p.T) with wave vectors kl and k2 and the same wavelength (500-550 nm) and a probe pulse (lOOfs,lpJ) with wave vector k3 and the same or different wavelength (500-55Onm) were used. The first pulse excites the semiconductor layer to create excited carriers. After time tIz the second pulse interacts with the excited carriers, resulting in a phase and population distribution of electrons and holes or excitons. This phase and population distribution in frequency space gives rise to a frequency-modulated transmission specmm of the sample. The depth and spacing of the modulation is dependent on the time separation (t12) of pulses kl and kz, which is called the coherence time. The third pulse interacts with this modulation resulting in a signal in the phase-matched direction, e.g., = k3 + (kl -kr), at times near tl2 after the third pulse. Depending on the pulse sequence and observed time scale the photon echo, the free induction decay or the difiction of the third pulse can contribute to the observed signal. The PE signal is reflected fiom the sample in the phase-matcbed direction k, and analysed with a 0.25 m monochromator, wbich has a spectral bandwidth (< 2 nm) much less than the widths of the PE spectra. The PE intensity profiles are measured at different fixed population times tz3 by scanning the coherence time ti2. Figure 1 shows the time-integrated PL spectrum from two CdTe/ZnSe samples at temperature rang (10-360K). The peak wavelength increases slightly from 519 nm (for SI) to 530 nm (S2) and 542 mn (S3) The temperature dependence of the PL can be used for detailed sample stmcwes. The spectrally-and time-integrated PL is shown as a function of temperature for three samples in fig. 2 . For the thinnest sample, S 1, the overall luminescence generally decreases with increasing temperature, apart from a small "hump" in the range 100-160 K. The quenching ofthe PL commences rapidly at ahout 200 K. The "hump" in the luminescence emission is a manifestation of thermal ionisation of excitation carriers from the traps in ZnSe or 2D-CdTe layers followed by capture to the QD level where they recombine. The PL plots against temperature for samples S2 and S3 show a large "hump" at about 320 K and several small "humps" at lower temperawes. The large increase in PL intensity at high temperature (-320 K) indicates a high density of deep ixaps. For two activation energies (Ec, Eh) and one trap level @, ), the temperature dependence of the luminescence signal is given by [4]:
where Io is the signal intensity at low temperature, ke is the Boltzmann constant, and &, 4, b, c are fitting parameters. E. and Eh are the activation energies of electrons and holes of the QD, which can be taken as the energy difference between the ground state of the QD and the wetting layer ZnSe. E=E.+Eh is the energy difference between the band gap of ZnSe (-440 nm) and the ground state of the QD (-519 nm for S1, -530 nm for S2 and -542 nm for S3).
A fit of Eq.1 to the spectrally integrated PL data is very good for sample SI where not many traps are expected; the fit gives &=lo meV, E.=315 meV and Eh=12 meV. The fit for sample S2 gives &=WO meV, E,=352 meV and Eb=120 meV. The fit for sample S3, which shows larger deviation from the data at low temperature, gives &=650 meV, E,=385 meV and Eh=150 meV (see fig. 2 ). Only one trap level has been included in our fit and thus we cannot provide a good fit for complicated trap shuctures. The complicated temperature dependence for sample S3 results from the increasing number of tsaps with increasing layer thickness. The fits to the three samples show the existence of traps in the wetting layer and that their depth (&-IO, 640 and 650 meV for SI, S2 and S3, respectively) follows the increase of supply cycles. This is consistent with the coexistence of an extremely rough two-dimensional layer, which is not active for optical transitions, and QD structures in our samples
The sample with the smallest FWHM and most symmetrical PL spectrum (S3) shows good homogeneity of dot size distribution and was chosen for further study using femtosecond photon echo measurements at room temperature (300 K) [5] . The central wavelengths for the pump and probe pulses are 514 nm and 530 nm (with a FWHM of about 15 nm corresponding to 70 mev), respectively, for the strongest observed PE signals. With an excitation energy density of 150 pJ mi2 about 5-10 electrons and holes pairs could be created per dot
The peak intensity (i.e., the maximum of the PE profiles deduced kom the fit versus coherence time t12) plotted against population time tZ3 ( fig. 3 ) decays with a strong oscillatory component and with different decay times for the three different wavelengths of the PE spectrum. If a three-level system or two independent two-level systems are coherently excited by a short laser pulse, the echo intensity may additionally show modulations due to quantum interference or beats [6]. For a three-level system or two independent two-level systems with homogeneous broadening the echo intensities are given by [a] 
where Aw = 2nAEh is determined by the energy splitting AE of the two transitions and 4 specifies the phase of the modulation. The decay of the average signal I.&) and of the modulation amplitude Im(ti3) are again determined by the dephasing times of the transitions involved. The time-integrated PE intensity against tlz and tz3 curve is asymmetric [5, 7] and an asymmetric pulse function can be used to describe the average signal from Eq. 2 as:
where Io is the maximum intensity, T, is the rise time, and T , is the position of the peak intensity, T2 is the total dephasing time. The experimental traces can he fined using Eqs. 2 and 3. From the fit we deduce total dephasing times of 110 fs for a detection wavelength of 515 nm, T2=1.7 ps for 525 nm, and T2=2.1 ps for 535 nm. The detection wavelength 515 nm is very close to the excitation wavelength, where the density of excited carriers is high and the decay time of the echo signal is very short due to the strong carrier-canier scattering and excitation-induced dephasing [7] . No oscillation can he observed at this wavelength because of the fast decay, The amplitude of the oscillation is different for the two other detection wavelengths. It is likely that different dots have different phonon modes due to a difference in their shape or size. The different frequencies would heat against each other and the sum of the signals can reduce the amplitude of the main oscillation.
The decay time of the PE signal at 525 nm (1.7 ps) is shorter than at 535 nm (2.6 ps) because the dephasing time is shorter for a small dot size [SI. The observed heat period corresponds to the difference in transition energy (deduced by fitting Eqs. 2 and 3: 12.5fl meV for 525 nm and 13.5 +1 meV for 535 nm) which is comparable to the exciton binding energy of the quantum structure [9]. The origin of the oscillation of the PE signal is related to a coexistence of free carriers and excitons in the QDs at this temperature.
The effective lifetime of the electrons and holes is larger than 10 ps [5] (TI>> T ; ) ; so.the measured decay time of the photon echo intensity is equal to the "pure" electronic dephasing time. The homogeneous line width determined €rom the dephasing time, rb = h/rrT2 [9], is Tb= 0.8-1.2 meV [ 5 ] , which is much smaller (by two orders of magnitude) than the FWHM of the PL spectra.
CONCLUSIONS
Using the temperature dependence of photoluminescence and spectrally resolved femtosecond photon echo measurements to study the optical properties of very thin CdTe/ZnSe quantum structures, we have shown the 3D confinement character of optical transitions (quantum dots) and the existence of a rough two-dimensional wetting layer. From the measured dephasing times we can deduce the homogeneous broadening (Th=0.8-1.2 mev), which is much smaller than the FWHM ofthe photoluminescence spectra (150-190 mev). A small difference in the dephasing times at different detection wavelengths (525 nm and 535 nm) results from a difference in dot size.
